In order to solve the problem that the fault characteristic signals of rolling bearings are weak and the fault identification is relatively difficult, a fault feature extraction method for rolling bearings based on variational mode decomposition singular value entropy is proposed. The original signals are decomposed by variational mode decomposition, and some intrinsic modal functions are obtained to form the initial characteristic matrix. Then, the singular value decomposition technique is used to process the initial characteristic matrix and the singular value entropy is obtained by combining the information entropy theory. Finally, according to the magnitude of the singular value entropy, the working states and fault types of rolling bearings are distinguished. The results show that this method can classify the weak faults of rolling bearings more clearly and has higher fault identification accuracy.
INTRODUCTION
Signal feature extraction is the process of obtaining information from signals. It is the basis and key of many fields such as pattern recognition, intelligent system and mechanical fault diagnosis. Dragomiretskiy [1] proposed an adaptive signal processing method for variational mode decomposition. This method will obtain transition signal components for the variational problem, so that each component of _________________________ Chen Zhang, Rongzhen Zhao, Linfeng Deng. Lanzhou University of Technology, Lanzhou, China, 730050 the estimated bandwidth and minimum, relieve or avoid mode existing in the traditional EMD method mixing and end effects, but also has high computation efficiency and good noise robustness. Singular value entropy [2] [3] has unique performance in mechanical signal information evaluation and information component analysis. It can quantitatively describe the degree of change of mechanical running state. In view of the excellent characteristics of VMD decomposition and singular value entropy in many aspects, this paper proposes a feature extraction method combining VMD decomposition and singular value entropy to apply to rolling bearing fault diagnosis. Experimental results show that the proposed method can effectively extract fault features and identify fault types accurately.
VARIATIONAL MODE DECOMPOSITION AND SVD
VMD decomposition is a new multi component signal adaptive decomposition method [1] . It can decompose complex signals into pre-set K IMF components, and selecting appropriate K can effectively suppress modal aliasing phenomenon. VMD uses Wiener filtering to eliminate noise and has a good noise reduction effect. By setting the limited bandwidth parameter α and the central angular frequency initialization, the central angular frequency K of the ω k IMF components is obtained, and then the modal function u k of each IMF component is calculated according to the different central angular frequency. The specific VMD decomposition process can be referred to [1] . The singular value entropy given in reference [5] [6] is defined as follows:
In singular value theory, the singular values of any * matrix are decomposed into
where U ∈ R m×m and V ∈ R n×n are orthogonal matrices such that U T U = I and V T V = I;  = diag(σ 1 , σ 2 , … σ n )is a n × n diagonal matrix. The each component of singular values is normalized.
According to the definition of IEn, the formula of singular value entropy is
=1
EXPERIMENTAL ANALYSIS
The fault data in this study from Case Western Reserve University in the United States bearing data center as the research object. Test for bearing deep groove ball bearing type SKF6205, bearing inner ring, outer ring and rolling local pitting damage size ( d × h ) is 0.007 × 0.011 inches, bearing speed is 1796r/min, the sampling frequency is 12kHz, the sampling length is 2048. The time domain waveform of the original vibration signal of the four working states of the rolling bearings is shown in Figure 1(a) . The optimum parameters of VMD are set to K = 4, α = 2000, τ = 0.3 by experimental analysis to ensure the fidelity of the actual signal decomposition. Taking the pitting corrosion signal of inner race defect as an example, the VMD decomposition is performed, and the decomposition results are shown in Figure1(b). As shown Figure 1(b) , the fault information of the inner race defect is decomposed into four IMF components, which provides data protection for the validity of the singular value entropy extracted from the fault feature.
According to the design steps of the rolling bearing fault feature extraction method, the vibration signals of four states of rolling bearings are shown to be decomposed by VMD in Figure 1(a) , and the singular value entropy of four states is calculated to classify the faults. In order to compare the fault recognition effect of this method, and compare with the traditional method EMD singular value entropy, the effect of the two methods is shown in Figure 2 . Figure 2 shows that VMD singular value entropy fault feature extraction method than the traditional method of EMD singular value entropy effect more clearly differentiate fault categories, between different fault types and the corresponding singular value entropy has significant differences, the 4 conditions all belong to a range of entropy, and the fault category interval no intersection as shown in TABLE I. 
CONCLUSION
In order to solve the problem of feature extraction of weak fault signals of bearings, this paper proposes a method combining VMD with singular value entropy to extract the fault characteristics of rolling bearings. VMD method is an adaptive signal processing method, which avoids a series of shortcomings of traditional methods and is very suitable for nonlinear and stationary processes. The singular
